with the gradual accumulation of strained particles, exhibits the linear skin factor growth versus the amount of produced reservoir fines. The modeling data are in good agreement with the well production history. The model allows predicting well productivity decline due to fines production based on short-term production data.
INTRODUCTION
Well productivity decline under fines production is a wellknown phenomenon in low consolidated and high clay content reservoirs, as well as in heavy oil and high rate gas fields (Mungan, 1965; Bernard, 1967; Lever and Dawe, 1984; Tiab and Donaldson, 2004; Civan, 2007) . This can be explained by the detachment of the in situ particles and clay fines by drag and lifting forces, which are exerted on the fine particles from the moving fluid causing the mobilized fines to plug thin pores and decrease the permeability.
The reliable prediction of the productivity index decline is based on mathematical modeling. The kinetics of particle capture by the rock from the flowing suspension is described by the following filtration equation (Herzig et al., 1970; Vafai, 2000) :
where c and σ are the concentrations of suspended and retained particles, U is the flow velocity, and λ is the filtration coefficient.
Various mathematical models of fines detachment present different expressions for the particle detachment rate, which is assumed to be proportional to the retained concentration and to the detaching factors such as the drag force, the difference between the equilibrium and current velocities, the difference between the equilibrium and current suspension concentrations, etc. (Ju et al., 2007; Tufenkij, 2007; Civan, 2010; Massoudieh and Ginn, 2010) . The shortcoming of the models with the kinetics of the particle detachment is the asymptotical stabilization of the retention concentration and permeability as time tends to infinity, while the fines release due to an (Miranda and Underdown, 1993; Khilar and Fogler, 1998) . The corefloods with a sharp rate increase show an immediate permeability response (Ochi and Vernoux, 1998) . It was long recognized that particle detachment occurs if a particle retained on the internal filter cake is not in mechanical equilibrium (Schechter, 1992; Bergendahl and Grasso, 2000; Civan, 2007; 2008 , Bradford et al., 2009 . A particle located on the internal cake surface is under the action of electrostatic, drag, lifting, and gravity forces. Some authors have considered a force balance between the drag force (acting on the particle from the by-passing fluid) and the friction force with an empirical Coulomb coefficient (Civan, 2007) while others have described the particle mechanical equilibrium as the moment (torque) balance of all forces (Jiao and Sharma, 1994; Freitas and Sharma, 2001) . Mathematically, these two approaches are equivalent. The current mathematical models with detachment kinetics do not reflect the particle mechanical equilibrium; the detachment rate expression is not affected by the mechanical equilibrium of a single particle.
NOMENCLATURE
A recently developed deep bed filtration model with a migrating layer of fine particles attached in the secondary energy minimum (Yuan and Shapiro, 2010b ) also does not consider the forces exerting on the retained particles.
Since these forces depend on micro-parameters like particle and pore sizes, stochastically distributed in natural rocks, detailed modeling studies on the micro-scale (pore) have been carried out (Payatakes et al., 1973 (Payatakes et al., , 1974 . These include population balance models (Sharma and Yortsos, 1987a,b,c) , random walk equations (Cortis et al., 2006; Shapiro, 2007; Bauer et al., 2008; Yuan and Shapiro, 2010a) , stochastic models (Lin et al., 2009; Serrenho and Miguel, 2009) , and direct pore scale simulation (Roussel et al., 2007; Bradford et al., 2009 ). The population balance and random walk models, as well as largescale phenomenological models, use the kinetics detachment rate term with an empirical coefficient and also do not consider the forces exerted on a single particle.
The modified particle detachment model uses the maximum (critical) retention function instead of kinetics expressions describing the detachment rate: if the retention concentration does not exceed its maximum value, particle capture occurs according to the classical deep bed filtration model; otherwise, the maximum retention concentration value, which depends on the flow velocity and brine ionic strength, holds (Bedrikovetsky et al., 2011) . The maximum retention function is determined by the condition of mechanical equilibrium of a particle on the matrix or deposit surface, which is described by the torque balance of electrostatic, drag, lifting, and gravitational forces. Yet, this model describes just one particle capture mechanism (attachment), whereas the permeability impairment with fines migration is explained by both attachment and size exclusion.
In the present work, the new basic equations for one phase flow toward a well, accounting for two simultaneous fines capture mechanisms of detachment and straining, are derived. Filtration Eq. (1) describes the retention rate by size exclusion while the maximum retention function is used for modeling the attached fine particles mobilization. The derived quasi-steady-state solution captures the long-term production with stabilized velocity and fines suspended concentration near to a well along with deposit accumulation and skin growth proportionally to the amount of produced fines. The results derived from the developed analytical model are in a good agreement with the field data for water well clogging.
The structure of the paper is as follows. Initially, we briefly describe the fines mobilization and straining, which cause the permeability decline. Then, the system of governing equations for one-phase flow toward a well with fines lifting, migration, and size exclusion by the rock is derived. This is followed by the analytical model that corresponds to the steady-state flow toward a well.
The analytical modeling allows for exact formulas of the productivity index and skin factor versus time. Analysis of the well productivity predictions obtained with the analytical model follows. Finally, the analytical model is tuned to the field data on well productivity decline.
FORMATION DAMAGE DUE TO FINES MIGRATION
Following Valdya and Fogler (1992) , Khilar and Fogler (1998) , Iscan and Civan (2006 ), and Civan (2007 , 2010 , we describe the physical mechanisms of permeability damage due to fines migration during the well production period. The fine particles located on the rock grain surface are submitted to electrostatic, gravity, drag, and lifting forces (Fig. 1) . The electrostatic and gravity forces attach a fine particle to the rock surface while the drag and lifting forces tend to detach it. Equilibrium of fine particles in porous media is determined by a torque balance of attaching and detaching forces. The drag and lifting forces are monotonically increasing functions of flow velocity. At high flow velocity near a production well, where the drag and lifting forces are large, the electrostatic and gravity forces cannot hold some fine particles on the rock surface. As a result, the fines are detached and start migrating with the carrier fluid. The released particles migrate in porous media by passing through larger pores. The migrating fines can be captured by small pores (straining or size exclusion of fine particles) as shown in Fig. 2 . The particle detachment causes some porosity increase. Nevertheless, this does not lead to any significant permeability increase, whereas the mobilized particles captured in thin pores result in a significant permeability decline due
FIG. 1:
Forces acting on an attached particle during flow in porous media (torque balance on a single particle)
Volume 15, Number 7, 2012 to pore plugging. Finally, the fine particle detachment, migration, and straining cause decline in the permeability and the well productivity index. Figures 1 and 2 show the particle detachment during one-phase flow, which is typical in water production with suspension filtering in aquifers. Figure 3 shows particle detachment by producing oil or gas in water wet rocks. The immobile connate water fills thin pores and grain junctions, where it "holds" fine particles. The fine particles are released from the convex surfaces where they are exposed to the drag and lifting forces exerted on the particles from the moving fluid. In oil-wet or mixed-wet rocks, the moving produced fluid may lift the fine particles from the matrix surfaces wetted by the produced fluid. Now let us discuss the mathematical model for particle detachment by the drag and lifting forces. The condition of the particle mechanical equilibrium on the grain surface is the equality of the attached and detached torques (Jiao and Sharma, 1994; Freitas and Sharma, 2001; Civan, 2007) :
FIG. 2:
Straining of detached particles in a single pore
FIG. 3:
Detachment of fines during oil/gas production from water wet rock
where F e , F g , F d , and F l are the electrostatic, gravity, drag, and lifting forces; and l n and l d are the levers for normal and tangential forces, respectively ( Fig. 1 ). In the cases of fines release by the produced fluid from the wetting film (shown in Fig. 3 ), capillary adhesive force must be included in torque balance Eq. (2). Imagine a coreflood of the rock sample containing attached fine particles with a piecewise increasing rate. The terms on right-hand side of Eq. (2) increase with velocity U , while the left-hand side terms remain constant. After each velocity increase, the particles on the grain surfacein which the right-hand side of Eq. (2) exceeds the lefthand side-leave the grain surface and migrate in the porous space. Therefore, the critical (maximum) retained concentration is a function of flow velocity (Bedrikovetsky et al., 2011a,b) :
Since both drag and lifting forces are velocity dependent, the critical retention concentration also depends on flow velocity U . Dimensional velocity in Eq. (3) can be substituted by the dimensionless ratio ε between the torques of the detaching and attaching forces (the so-called torque or erosion ratio):
The critical retained concentration is a monotonically decreasing function of the fluid flow velocity. The electrostatic force is determined by the DerjaginLandau-Verbeek-Overbek (DLVO) theory (see Israelachvili, 1992; Khilar and Fogler, 1998) . The expressions for drag and lifting forces exerting a spherical particle located on the cylindrical pore wall are also available from the literature (Jiao and Sharma, 1994; Chauveteau el al., 1998; Bergendahl and Grasso, 2000; Freitas and Sharma, 2001) . They allow calculating the maximum retention function for a single cylindrical capillary, which is a quadratic polynomial of the fluid velocity (Bedrikovetsky et al., 2011) :
Here, σ 0 is the maximum concentration of fine particles attached to the grain surface when the fluid is motionless and U m is the minimum velocity at which no particle can be held on the grain surface by the electrostatic and gravity forces.
A high production rate results in high flow velocity, particularly in the wellbore vicinity. The initial concentration of the retained fines σ i determines the critical velocity U i (see Miranda and Underdown, 1993) ; the particle release occurs for U > U i where
The maximum retention function [Eqs. (3) and (5)] can also be obtained from the coreflood tests with piecewise increasing flow rates. Good agreement between the modeling results and experimental coreflood data may validate the model [Eq. (3)] for modeling the particle detachment. However, Bedrikovetsky et al. (2011 Bedrikovetsky et al. ( , 2012 presented a comparison of coreflood data with formula (5) only for suspension injection cases, while the current work considers the mobilization of the natural reservoir fines. Also, only two sets of experimental data have been treated in the above-mentioned works, whereas laboratory results on particle detachment are widely available in the literature. Therefore, in the next section three sets of laboratory coreflood data on lifting the natural core fines under the flow rate increase in order to validate the model [Eq. (5)] for the fines mobilization conditions are analyzed. Gruesbeck and Collins (1982) performed injections of glass bead suspension with particles of 5-10 µm in diameter into a packed column of unconsolidated sand with the grain diameter varying in the interval of 250-297 µm. The composition of the carrier water (2% KCl, pH = 8) provided a strong particle-grain attraction and, consequently, particle deposition at the primary energy minimum. The jamming ratio between the pore and particle sizes was approximately equal to 4.2; i.e., it was high enough to neglect the size exclusion of the particles by the porous media. Injection with a fluid velocity of 0.5 cm/s causes a permeability decline of 3.4 times after the pressure drop stabilization. A velocity increase up to 1.5 cm/s resulted in a permeability decrease of 1.5 times after stabilization. The effluent concentration of the produced particles allows calculating the amount of retained particles. The retained particle concentrations for two velocities are presented in Fig. 4 . The Hamaker constant A = 6×10 −21 J corresponds to the glass-water-sand system. The values of the zeta potential for glass bead particles and for sand grains (−22 and −18 mV, respectively) correspond to the given values of salinity and pH. The tuning parameters are the particle size and pore size, which have been calculated by the least-squares deviation from two experimental points as r s = 5 µm and r p = 21 µm. The obtained particle and pore sizes are in the range given by Gruesbeck and Collins (1982) . The continuous curve corresponds to the maximum retention function as calculated from Eq. (5). The red points are obtained from the abovementioned coreflood data with two different velocities.
LABORATORY STUDIES ON FINES MOBILIZATION AND MIGRATION
Ochi and Vernoux (1998) performed a brine injection into a consolidated core plug (Berea sandstone from Ohio). The core contained clay particles (kaolinite). The Gruesbeck and Collins (1982) Volume 15, Number 7, 2012 composition of the injected brine [0.5 M NaCl in the first test and 0.1 M NaCl in the second test; see Figs. 5(a) and 5(b), respectively] provided a strong particle-grain attraction and particle deposition at the primary energy minimum. Ochi and Vernoux (1998) noticed detachment of in situ particles and subsequent pore plugging at different fluid flow rates, which caused permeability reduction as a function of the increase in flow rate. The consequent application of flow rates 3.7, 5.9, 8.8, and 11.8 cm 3 /s resulted in a 1.35 times decrease of the initial permeability k o = 425 mD. A typical value for the formation damage coefficient was selected: β s = 20 (Pang and Sharma, 1997) . The particle and pore radii were not controlled in the test; instead, they were selected as the tuning parameters and the values obtained by the least-squares method were r s = 3.5 µm and r p = 7.5 µm. Figure 5(a) shows very good agreement between the modeling and experimental data.
FIG. 4: Maximum retention function as obtained from the test by
Another coreflood with flow rates of 2.0, 2.8, 4.0, 5.7, 8.4, 10.9, and 14.0 cm 3 /s was performed by Ochi and Vernoux (1998) . An overall reduction of the initial permeability k o = 296 mD by 2.3 times was achieved after these injections. The experimental data were treated using β s = 20. The adjusted values for the particle and pore radii Ochi and Vernoux (1998) were r s = 2 µm and r p = 6 µm. Good agreement between the modeling and laboratory data can also be observed in Fig. 5(b) .
Overall, the good agreement between the retention concentrations as obtained by coreflooding and modeling validates the assumption of the existence of the maximum (critical) retention concentration as a function of velocity [Eq. (3)].
In the next section, the basic equations describing steady-state oil production with fines, which causes pore plugging and, consequently, permeability damage are derived.
MATHEMATICAL MODEL OF STEADY-STATE OIL PRODUCTION WITH ACCUMULATION OF THE RETAINED FINES
Let us consider one-phase fluid flow toward a well corresponding to water production using an artesian well. Oil production under the presence of immobile connate water is also described by the schema. Further in the text, oil production under the presence of connate water using relative permeability for oil k rowi and connate water saturation s wi , is considered. For the case of water production, both the relative permeability and the saturation of the mobile phase are equal to unity. Oil is assumed to be incompressible, which leads to the constant oil production rate.
The proposed model also assumes a significant overlap between the pore and particle size distributions; i.e., the probabilities of the fine particle to pass via a pore and to be captured by the pore have the same order of magnitude.
The mass balance equation for suspended, strained, and attached fine particles is
Here, a low concentration particle suspension c is assumed. The particles attached to grains and pore walls, and those strained in thin pores form the fines deposit (Fig. 2) . It is also assumed that a low retention concentration σ = σ a + σ s does not affect the porosity. The pore space is saturated by connate water, by attached and strained particles and by a flowing particulate oleic suspension. For the sake of simplicity, the accessibility and flux reduction factors (Bedrikovetsky, 2008) during particle straining are not accounted for. The fine particles can be attached to the grains and pore walls; the attachment rate is described by the following linear kinetics filtration equation until the deposit reaches its maximum (critical) value:
where λ a is the filtration coefficient for attaching fines capture.
After reaching the critical value [Eq. (3)], the retained concentration remains constant unless the flow velocity changes. The typical range of the filtration coefficient λ s is 0.1-100 1/m (Pang and Sharma, 1997; Bedrikovetsky et al., 2001) , which corresponds to the range of the particle free run 1/λ s of 0.01-10 m. The size of the damaged zone is usually 1-5 m (Civan, 2007; Nunes et al., 2010) ; i.e., the damage zone and the particle free run length have the same order of magnitude. Therefore, the straining rate of the fine particles is described by the following kinetics equation (Herzig et al., 1970; Vafai, 2000) :
where λ s is the filtration coefficient for the size exclusion fines capture. Therefore, the released fines are reentrapped, not instantaneously, but after they travel along the free run distance. The model [Eq. (9)] assumes that the concentration of retained particles is negligibly smaller than the concentration of the vacant pores, where the straining may occur. In this case, the retention of a particle does not change the further capture probability; i.e., the filtration coefficient for the size exclusion fines capture is constant. At the higher retained concentration comparable with the vacant pore concentration, the Langmuir blocking dependency λ s = λ s (σ) takes place.
Thus, both particle attachment and size exclusion are considered in the fines migration model. It is also assumed that other particle capture mechanisms such as bridging, re-entrainment of deposited particles, segregation, and diffusion are negligible (Nabzar et al., 1996; Iscan and Civan, 2006; Miguel and Reis, 2006; Rousseau et al., 2008; Civan, 2010) . Permeability monotonically decreases during particle capture. Pang and Sharma (1997) approximated the normalized reciprocal permeability by the linear function of retained concentration
where β is the formation damage coefficient. For small retained concentrations, assumed in this model, expression
Volume 15, Number 7, 2012
(10) can be considered as the two first terms of Tailor's expansion of the normalized reciprocal to permeability. If the permeability is affected by both the attached and retained particles, formula (10) is transformed to
for the retained concentrations of the attached and sizeexcluded particles. From Eq. (11) it follows that the form of Darcy's law for oil flux under the presence of connate water accounts for the permeability damage due to the attached and strained particles (Nabzar et al., 1996; Chauveteau et al., 1998; Mojarad and Settari, 2007; Rousseau et al., 2008 )
Here, k 0 is the initial rock permeability, k rowi is the relative permeability of oil in the presence of the initial water, and µ is the dynamic oil viscosity. The above explanation of the permeability damage, as a result of sequential fines release and straining capture, assumes that the permeability change due to pore plugging highly exceeds that due to particle release, β s ≫ β a . Later in the text, the permeability change due to attachment will be ignored.
The production rate of incompressible oil is independent of the radius q = 2πrU
Therefore, velocity U does not vary with time for the constant production rate and is only radius dependent. From Eqs. (12) and (13), it follows that
The flow velocity at each reservoir point increases from zero, after switching in the well, and tends to steadystate value U (r) afterward. An increase in velocity causes detachment of the fines from the grains and pore walls. Therefore, it is assumed that the particle attachment concentration reaches the value σ cr [U (r)] and remains constant during the steady-state production. It is also assumed that the suspended concentration does not change with time. The two above-mentioned assumptions simplify mass balance Eq. (7):
Thus, the system of the four equations [Eqs. (3), (9), (14) and (15)] determines unknown c, σ a , σ s , and p. The oil production scenario includes the constant rate flow toward the well; the propagation of the pressure wave into the reservoir after switching in the well; the gradual increase of velocity in each reservoir point until its critical value; migration of the lifting fines in the formation damage zone where the deposit affects the well index; and the continuous fines straining with the gradual skin growth. The analytical model, presented in the next section, describes the steady-state period of the previously discussed process of fine particle mobilization and size exclusion.
ANALYTICAL MODEL FOR STEADY-STATE FLOW WITH FINES MIGRATION
Here, we describe the production of the one-phase fluid with the steady-state distributions of the pressure and suspended concentration near a well and the gradual accumulation of migrated fines due to their capture by the rock. Substituting the straining rate expression (9) 
Separation of the variables in Eq. (17) leads to the following explicit formula for the suspended concentration distribution:
assuming that the produced fines concentration is known
The suspension concentration in oil versus radius decreases as the suspension moves toward the well with the particle straining occurring. For the steady-state regime [Eq. (18)], the gradient of suspension concentration c causes a higher influx in each elementary volume dr if compared with the out flux. This difference is compensated by the gradual accumulation of the strained particles.
Substituting the expression for suspended concentration, Eq. (18), into Eq. (9) and integrating both sides in t results in the following explicit formula for a strained particle concentration distribution:
i.e., the strained particles accumulate proportional to time.
In the next section, based on solution (19), the pressure distribution around the wellbore is calculated and a formula for decreasing well productivity is derived.
FORMULA FOR WELL PRODUCTIVITY
Using the analytical solution [Eqs. (18) and (19)], we calculate the normalized ratio between the pressure drop and the volumetric flow rate (the so-called impedance) according to
The pressure drop between the drainage contour r e and the well r w is
where r e is the drainage radius and r d is the so-called size of the formation damage zone (see Nunes et al., 2010) . Substituting the pressure gradient, as expressed in Eq. (14), into Eq. (21), and neglecting the permeability damage due to fines attachment (β a ≪ β s ), results in
Radial variable r is located in the denominator of the integrants in Eq. (22). Therefore, the larger the distance from the well, the lower is the impact of the permeability in the reservoir point on the pressure drop. The formation damage zone size r d is defined in a way that the particle retention outside the damage zone r > r d does not affect the well impedance; i.e., the pressure drop increase due to particle straining outside the damaged zone is negligible if compared with the other terms in Eq. (22) and, thus, is ignored (Nunes et al., 2010) . Therefore, the second integral on the right-hand side of expression (22) is neglected.
From Eqs. (20) and (22) 
leading to the following expression for the integral in the nominator of Eq. (23) (the so-called skin factor S):
Substitution of the expression for the strained particle concentration [Eq. (19)] into Eq. (24) yields
where
is an exponential integral. Formula (25) shows that the skin factor grows proportionally to the time of the production of oil with the fines. Let us consider the case of varying oil production rate and the produced fine particle concentration. The time of particle flow from the boundary of the permeability decline zone to the well is assumed to be negligibly small if compared with the time scale of the variation in the rate and the concentration of the produced fines. This allows considering the suspension concentration to be quasi-steady-state near a wellbore; i.e., formulas (18) and (19) are valid for c w = c w (t) and q = q(t).
Substituting the expression for the suspended particle concentration [Eq. (18) ] with c w = c w (t) into Eqs. (9) and (13) with varying rate q = q(t) and integrating both sides with respect to t results in the following explicit formula for the strained particle concentration distribution:
Substituting the strained particle concentration distribution [Eq. (26)] into Eq. (24) yields the following expression for the skin factor during steady-state oil production:
Since the retained concentration in each reservoir point grows proportionally to the amount of produced fines, the skin factor also grows proportionally to the amount of produced fines C t . The proportionality coefficient m in Eq. (27) is
Introducing the dimensionless skin growth coefficient M , which depends on the dimensionless straining filtration coefficient, only yields
The expression for the skin factor in Eqs. (27) and (28) becomes
PREDICTION OF PRODUCTIVITY DECLINE
Let us evaluate the skin factor growth with time. Figure 6 shows the M dependence of the dimensionless straining van Beek et al. (2009) also considered the straining capacity of the rock to be the main reason for well productivity damage under fines migration and suggested using gravel pack to reduce the size exclusion of the produced fines near the wellbore in order to avoid fast skin growth.
The larger the formation damage zone, the higher is the skin [see Fig. 6(a) , in which the green curve in lies above the red curve]. However, Fig. 6(b) shows that a further increase of the damaged zone size results in no increase of the skin growth ratio, since the remote deposit does not contribute to the skin factor (Nunes et al., 2010) . Nevertheless, the skin growth ratio M is almost independent of the formation damage zone; the only important parameter in formula (29) is the dimensionless straining filtration coefficient λ s r w . Figure 7 shows the decline of dimensionless well productivity pi (reciprocal to impedance) versus the amount of produced fines C t for different values of the straining formation damage coefficient and the straining filtration coefficient. The productivity index is normalized by its initial value. From Eqs. (22) and (30) it follows that
The drainage contour size is r e = 500 m, the concentration of the produced fines is c w = 0.5 ppm, and the well production rate per unit column length is 1.65 m 2 /h. Curves 1 and 2 in Fig. 7 correspond to β s = 10 and curves 3 and 4 correspond to β s = 100. Curves 1 and 3 correspond to λ s r w = 0.1; curves 2 and 4 correspond to λ s r w = 20. The higher the filtration and formation damage coefficients the faster is the well productivity decline.
Formulas (30) and (31) allow predicting well behavior from the short-term production data. If the well was not
FIG. 7:
Productivity index decline versus amount of produced fines C t for different values of straining formation damage coefficient and straining filtration coefficient damaged initially (i.e., if S = 0 for t = 0), the value of the fines production induced skin at some moment determines the linear dependency [Eq. (30) ] and provides the forecast for the skin factor and well productivity. The prediction is valid until the assumptions of the mathematical model are fulfilled, in particular, the condition of small retained concentration.
If the well was damaged during drilling and completion, the additivity property of the skin factor allows adding the initial skin to linear formula (30) for skin factor prediction.
TREATMENT OF WELL DATA
Let us treat the field data on the well productivity decline using the analytical model [Eqs. (29) and (31)]. van Beek et al. (2009) presented data of water well clogging due to mobilization of reservoir fines. The data on the timely declined water column height above a submersible pump were translated into the time dependency of the impedance [ Fig. 8(a) ] for given values of the rate q = 65 m 3 /h; the net pay of the completed intervals was 19.2 m. The typical value was chosen for the formation damage coefficient: β s = 770 (Pang and Sharma, 1997; Bedrikovetsky et al., 2001 ).
The mathematical model [Eqs. (3), (9), (14), and (15)] describes the fines migration in aquifers for s wi = 0 and k rowi = 1; i.e., in the absence of the second phase. However, formula (31) for impedance is independent of the initial water saturation and relative permeability of oil in the presence of the initial water. Figure 8 (a) presents the sensitivity of the impedance growth with respect to the filtration coefficient. Figure 8(b) presents the drainage radius and Fig. 8(c) presents the radius of the permeability reduction zone. The calculations following formulas (23), (29), and (30) show the low sensitivity of the impedance with respect to dimensionless drainage radius r e /r w and dimensionless damaged zone radius r d /r w . The filtration coefficient is the most sensitive parameter.
The following data were assumed for well conditions presented in the paper by van Beek et al. (2009) to match the impedance growth with the dimensionless filtration coefficient: r e /r w = 10,000; r d /r w = 10; and the concentration of the produced fines is c w = 0.05 ppm.
The matched value for dimensionless filtration coefficient λr w = 0.13 was obtained by the least-squares method. Figure 8(a) shows the calculated values of impedance j(t) and that obtained from the well raw data. One can observed a good match between the well data and the analytical modeling results. 
SUMMARY AND DISCUSSIONS
The fine particles mobilization by drag and lifting forces exerted on particles from a moving fluid, their migration, and further size exclusion by thin pores causes significant permeability decline. Therefore, the well index declines during the fines production. The mathematical model, predicting the well productivity decline, consists of four equations for unknown concentrations of suspended, attached, and strained particles and pressure. It includes the kinetics equation for migrating particles straining and the maximum retention function for the particle detachment. The maximum retention function of flow velocity has been calculated from three sets of corefloods and from the mechanical equilibrium of a particle on the wall of a single capillary; the experimental and the modeling data are in good agreement.
The analytical model describes flow toward the well with steady-state flow velocity and suspension concentration near the well. Due to the steady-state suspension concentration, the gradual accumulation of size excluded fines is proportional to time. The skin factor grows linearly versus the amount of produced fines during the commingled production of oil (gas, water) and fines. The proportionality coefficient of the skin growth is proportional to the formation damage coefficient; it increases with the filtration coefficient increase and is almost independent of the radius of the formation damage zone.
The model assumes small values of the retained concentration with the number of retained particles significantly smaller than the number of vacant thin pores, where the particle size exclusion can happen. It results in a constant filtration coefficient for straining, in linear form of the normalized reciprocal to the formation damage function and, finally, in the linear skin factor growth versus the amount of produced fines. The late stage of well clogging with the large retention concentration-in which the well index may stabilize or the production may vanish-is described by a more complex solution of the system of governing equations [Eqs. (7)- (9) and (14)].
The field data on well productivity decline and the concentration of produced fines are successfully matched by the analytical model for steady-state production of water and fines.
CONCLUSIONS
Derivation of the governing equations for quasi-steadystate water/oil production with fines migration and capture, development of the analytical model, and its matching with the field data allow concluding the following:
1. The mathematical model describing the permeability decline by the fine particle mobilization and straining contains the maximum retention function, modeling the particle detachment, and the particle straining kinetics equation, describing the size exclusion particle capture by the rock.
2. The analytical model for quasi-steady-state oil/water and fines production exhibits a linear skin factor dependency of the amount of produced fines. This is a consequence of the model assumption of small retention concentration. Therefore, the model is not valid for the late stage of the well clogging process.
3. The analytical model can be applied to well behavior prediction from the initial stage of the well clogging.
4. The major parameter controlling well impairment due to fines production is the formation damage coefficient for straining. The straining filtration coefficient also affects the well index decline. The productivity impairment is almost insensitive to variation of the drainage radius and formation damage zone size.
5. Good matching of the well production data with the modeling-based prediction validates the analytical model of well clogging during fines production.
